We show that multi-level diffractive microstructures can enable broadband, on-axis transmissive holograms that can project complex full-color images, which are invariant to viewing angle. Compared to alternatives like metaholograms, diffractive holograms utilize much larger minimum features (>10 µm), much smaller aspect ratios (<0.2) and thereby, can be fabricated in a single lithography step over relatively large areas (>30 mm ×30 mm). We designed, fabricated and characterized holograms that encode various full-color images. Our devices demonstrate absolute transmission efficiencies of >86% across the visible spectrum from 405 nm to 633 nm (peak value of about 92%), and excellent color fidelity. Furthermore, these devices do not exhibit polarization dependence. Finally, we emphasize that our devices exhibit negligible absorption and are phase-only holograms with high diffraction efficiency.
Each hologram is comprised of square pixels as shown in Fig. 1(a) . Each pixel has a width, Δ and the heights of the pixels can vary from 0 to a maximum height of H in steps of Δh. When illuminated with appropriate wavelenghts of light, the hologram produces an image at a certain distance, d. The pixel heights are selected using an optimization procedure based on the target design as described below. In this work, we used 3 different target images: a color-encoded image, where each color produces a different image (overlapping in space), a Macbeth color-chart to showcase the range of colors, and finally, a color photograph of an outdoor scene. In the first design, our minimum feature size is 10 μm and maximum pixel height is 2 μm. In the 2 nd design, the minimum feature size is 20 μm and the maximum pixel height is 2 μm, while for the 3 rd design, the minimum feature size is 20 μm and the maximum pixel height is 2.4 μm. The large pixel widths ensure that these device are polarization independent. In all cases, we designed the devices for 3 discrete wavelengths, 405 nm, 532 nm and 633 nm. All the devices were designed using periodic boundary conditions. Other geometric and design parameters are fully described in the supplementary information.
The holograms are designed using nonlinear optimization with the objective of maximizing a figure of a merit defined as 18 :
where, η is the wavelength averaged diffraction efficiency, λ is the design wavelength, N is the number of design wavelengths, λ I T ( ) is the target image pattern at wavelength λ, U(p m,n ) is the complex amplitude at the reconstruction plane diffracted by the hologram with height profile distribution p m,n , m and n are the pixel indisces, and λ P in ( ) is the input power at wavelength λ. The objective of the optimization is to determine a height profile (p m,n ) so that the wavelength averaged diffraction efficiency is maximized. The holograms were fabricated using single-step grayscale lithography on a glass wafer spin coated with positive photoresist. In order to emulate the periodic boundary conditions used during design, the same design was repeated 3 times in the X direction and 3 times in the Y direction during fabrication. Details of the fabrication process are described in the supplementary information. For characterization, each hologram was illuminated by a collimated beam from a supercontinuum source with a tunable bandpass filter or from a white collimated backlight. The projected intensity images were captured either onto an image sensor (see Fig. S1 ) or projected onto a screen and photographed (see Fig. S2 ). A white translucent screen was used to capture on-axis images in transmission, while an opaque white screen was used to capture off-axis images in reflection. Further details of the imaging setup and characterization procedure are described in section 3 of the supplementary information. The diffraction efficiency (η diff )was calculated as the power inside the outline of the target image divided by the total power inside the aperture of the hologram (see equation 1). This definition follows that used in ref. 10 and we adopt this same metric during design. This metric was measured only for the simple images in the color-encoded hologram. For all holograms, we also measured the transmission efficiency (η trans ) as described later. Details of the efficiency measurements are included in the supplementary information.
The target images for the color-encoded hologram are the letters "R", "G" and "B" at λ = 633 nm, 532 nm and 405 nm, respectively. The designed pixel-height distribution is shown in Fig. 1(b) , while the optical micrograph of a small portion of the device is shown in Fig. 1(c) . We measured the pixel heights of the fabricated device and estimated the average error as only 46 nm (see section 5 of the supplementary information). Although the blue wavelength used for design was 405 nm, we had to use 415 nm during the experiments, since that was the lowest wavelength with sufficient power accessible with our super-continuum source. Furthermore, the quantum efficiency of the image sensor is low at 405 nm. The simulated image at 405 nm is included in the supplementary information (Fig. S4 ). The simulated images at λ = 633 nm, 532 nm and 415 nm are shown in Fig. 1(d )-(f), respectively. Photographs of the corresponding images reflected off an opaque white screen are shown in Fig. 1 (g)-(i) (see Fig. S2 (b) for setup). The illumination bandwidth in each case was 10 nm. Corresponding images were also captured directly onto an image sensor ( Fig. S6 and setup in Fig. S1 ) and the diffraction efficiencies were computed from these images. There is good qualitative agreement between the measured and simulated images. The measured average diffraction efficiencies are lower than expected (61% in experiments vs 74% in simulations). The discrepancy can be partly attributed to imperfect collimation of the incident light, which also accounts for blurring of the image edges compared to the simulations. We also performed a careful experimental analysis of the spectral response of this hologram and described the results in Fig. S7 . These images clearly show the transitions between the images at wavelengths intermmediate to the design wavelengths.
The second device we designed had a target image of a portion of the Macbeth color chart. The design pixel-height distribution is shown in Fig. 2(a) and an optical micrograph of a small portion of the fabricated device is shown in Fig. 2(b) . The target image, the simulated image and a photograph of the experimental image projected onto a translucent white screen (see Fig. S2 (a) for details) are shown in Fig. 2(c),(d) and (e), respectively. The dashed white lines in Fig. 2 (e) demarcate one period of the image. Figure 2(f) shows the photograph of the image projected onto an opaque white screen (see Fig. S2(b) for details). Note that the photograph was taken at an oblique viewing angle illustrating that the image quality is maintained for a large range of viewing angles. Photographs taken at many other viewing angles are also shown in Fig. S10 . Full white spectrum from the super-continuum source (Fig. S3 blue curve) was used as illumination in both cases. The simulated diffraction efficiencies (from equation 1) for this device were 64%, 53% and 65% at λ = 633 nm, 532 nm and 405 nm, respectively. The color range of the Macbeth chart is reproduced reasonably well considering that the design was performed only for 3 discrete wavelengths. Using more wavelengths during design will increase the color-reproduction accuracy.
The third device encodes a color photograph and its pixel-height distribution is shown in Fig. 3(a) . An optical micrograph of a portion of the fabricated device is shown in Fig. 3(b) . The simulated diffraction efficiencies were 77%, 85% and 86% for λ = 633 nm, 532 nm and 405 nm, respectively. The target image, the simulated image and Figs. 3(c) , (d) and (e), respectively. Note that the photograph indicates good color reproduction even at an oblique viewing angle. Photographs at many more viewing angles are shown in Fig. S11 . In order to increase the resolution of the projected image, we also designed and fabricated another device containing 1500 X 1500 pixels (Fig. S9) . To reduce fabrication time, only one period of this device was fabricated and characterized. A photograph of the projected image reflecting off an opaque white screen is shown in Fig. 3(f) . A photograph of this single-period hologram is shown in Fig. 3(g) . This result coupled with the simulated image of a single-period hologram (Fig. S9 ) confirms that periodic boundary conditions are not a limitation of our design method. In all cases in Fig. 3 , the devices were illuminated with the white collimated backlight.
We also measured the transmission efficiency of our devices. Note that transmission efficiency was used earlier as a figure of merit for metalens-based holograms 9 . First, an aperture of the same size as one period of the hologram was placed directly in front of the hologram (see Fig. S8 ). The absolute transmission efficiency was defined as the ratio of the power transmitted through the hologram to that incident on the hologram. We also measured the relative transmission efficiency, which is defined as the ratio of the power transmitted through the hologram to that transmitted through an unpatterned region. The results, as a function of illumination wavelength are plotted in Fig. 4 (dashed lines show absolute values, while solid lines show relative values). The illumination was the super-continuum source coupled to a tunable filter. A bandwidth of 10 nm was used for each wavelength sample for the transmission-efficiency measurements. The average absolute transmission efficiencies (from 405 nm to 633 nm) are 87%, 87% and 86% for the color-encoded hologram, the photograph hologram and the Macbeth hologram, respectively. Some of the relative efficiencies are higher than 100% indicating that the hologram pattern acts as an anti-reflection coating (right inset in Fig. 4 ). It is useful to note that the absolute transmission efficiencies can be even higher by applying a properly designed anti-reflection coating on the unpatterned side of the hologram substrate.
In conclusion, we show that broadband transmissive holograms can be enabled by multi-level diffractive optics, which are much simpler to fabricate and offer polarization independence than when compared to alternatives such as those based upon metasurfaces. This is another example of an application where diffractive optics is sufficient when manipulating scalar properties of the electromagnetic field (intensity in this case). Multi-level diffractive optics can be readily manufactured at low cost via embossing techniques 23 that have been used to create surface-relief-based Bragg holograms. However, unlike Bragg holograms, multi-level diffractive holograms can be transmissive and create images that are relatively invariant with viewing angle. We note that there has been significant progress in the design methods of color computer-generated holograms (CGHs) using techniques like depth division and space division to multiplex the images at different wavelengths [24] [25] [26] . However, experimental demonstration of such devices often utilize spatial-light modulators and therefore are constrained by the associated space-bandwidth product. Furthermore, these require relatively narrowband sources such as lasers or light-emitting diodes. Broadband white sources have been used for certain color CGHs, however these suffer from significant chromatic aberations especially at higher resolutions.
